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Abstract

In this work, the self-assembly of molecular aggregates of two different compounds representing monomethincyanine and merocyanine dyes, which differ by location,
size, and orientation of their dipole moments arisen due to intramolecular polarity, respectively, is compared. It is demonstrated that the structure of molecular
associates strongly dependent not only on the inner molecular structure, but also on the nature of the surface they absorb to, and that molecular association can further
be changed with the film thickness. On gold substrate, the molecules tend to lie flat on the surface, while on glass surface they adsorb with the random orientation,

which plays an important role in formation of further aggregates as film thickness increases.

Introduction

The development of electronic devices based on organic materials,
i.e., small molecules or polymers with conjugated bonds, whose films
have semiconducting properties, demonstrates continuous adaptation
of new materials that provide various advantages such as cheapness,
plasticity, flexibility, ease of chemical modification, production on
large scale from solutions, etc. [1-6]. Specific self-assembly of molecules
into molecular films largely determines electronic properties of the
corresponding devices, such as electron excitation, energy transfer,
charge transport, electronic absorption, redox activity, etc. [7-13].
For instance, the optical properties of molecular films to some extent
correlate with the structure of molecular aggregates that are formed as
a result of intermolecular interaction, and the analysis of the aggregate
structure through optical features is still largely based on the Kasha
model, which was developed half a century ago [14,15]. However,
preparation of structures based on the above materials is always
associated with solid substrates onto which the organic materials are
self-assembled [16]. In contrast to the strong coupling of atoms in
inorganic crystals, molecules in a condensed state have much smaller
forces of interaction, which causes the fluidity and variability of their
film structure, which is vulnerable to the action of various factors such
as the chemical composition of the substrate surface, the electron
affinity of the substrate material, the deposition rate of molecules on
the surface, the temperature of the environment, etc. [17,18]. All these
factors, as well as the competition between the molecule-substrate
and molecule-molecule interactions will determine specific structure
of the film, which can be particularly undergone to variations at the
very first layer on the surface. Therefore, it is very important to develop
new models and presentations about the structure of aggregates on
the surface of a solid substrate, as well as to deeper understand their
evolution depending on the distance to the surface, as well as influence
of other factors.

In this work, we compare self-assembly of molecular aggregates
of two different compounds representing monomethyncyanine and
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merocyanine dyes, respectively (Figure 1), which differ by location, size,
and orientation of their dipole moments arisen due to intramolecular
polarity, in respect to the molecular plane, and which are able to
undergo intramolecular conformational changes [19,20]. We show that
the structure of molecular associates is strongly dependent not only on
the inner molecular structure, but also on the nature of the surface they
absorb to, and such an association can further be changed with the film
thickness.

Experimental

Two compounds representing monomethincyanine and merocyanine
dyes, i.e., 2-[(3-methyl-3H-benzothiazol-2-ylidene)methyl]benzo|c,d]
indole (BT) and 2,6-Di(tert-butyl)-4-[2-(1-methyl-1H-quinolin-4-
ylidene)-ethylidene]-cyclohexa-2,5-dienone (Qu-Me) (Figure 1) have
been synthesized at the Institute of Organic Chemistry, National
Academy of Sciences of Ukraine.

Solutions were prepared by dissolving the dye molecules in dioxane
with concentration of 10°M. Dye aggregation was provided by adding
a small amount (1 vol%) of the dioxane solution to the distilled water,
where the compounds are not soluble.

Films were deposited using a VUP-5 vacuum camera equipped
with optical spectrometers Polytec to control the spectral changes in-
situ. Thin films of dyes were fabricated at the deposition rate of 0.1-1.6
E/s, then the samples were heated at 250 to 300 °C under the residual
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Figure 1. Chemical structure and corresponding map of the electrostatic potential of (a) BT and (b) Qu-Me

pressure of 5x10-* Pa. Two series of films were deposited in the same
process. In the first series, the dye molecules were thermally evaporated
onto the glass and in the second series onto the semitransparent gold
layers (thickness ~ 30 nm) preliminary deposited on the glass substrate.

Additionally, two methods of film deposition have been used in
order to confirm reproducibility of the results. In the first method, the
film was grown successively on the same substrate and formation of the
film structure as a function of film thickness was monitored in-situ by
the spectrometer through recording its spectra every 30 seconds. In the
second method, films of different thickness were deposited by gradient
variation of thickness onto the row of samples which were removed from
the evaporation source in the camera at the different distance followed by
measurement of their spectra after the deposition process. The results of
the two methods were similar, so we will not distinguish them further.

Molecular simulation was performed with Gaussian 09 and
Materials Studio 8.0 (Forcite Module) software, using the density
functional method (DFT/ B3LYP 6-31+(d,p)) and method of molecular
dynamics (MD).

Results and Discussion

Association in solutions

First, self-assembly of the compounds were studied in the solutions.
In aqueous media where the compounds are not soluble, their spectra
immediately changed. BT, whose monomer spectrum in dioxane
demonstrated S-S, transition at about 570 nm followed by vibronic
overtones at ~530 and 500 nm, showed blue shift and splitting of the
absorption band in water into components at ~530 and 495 nm (Figure
2a). Such a change indicated in favor of a dimer formation in the form
of a stack where the molecules are inclined to each other by a certain
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angle. Molecular simulation confirmed this suggestion (Figure 3). First,
the dipole moment of the unaffected molecule was calculated to be
about 8 degrees out of the molecular plane. In the dimer, the molecules
experience torsional distortion by about 20 degrees, which results in
mutual dipole orientation of the adjacent molecules to be inclined by
approximately 145 degrees in respect to each other (Figure 3).

Qu-Me showed more complex behavior in the solutions. Its
monomer spectrum in dioxane demonstrated S-S, transition at
about 670 nm followed by vibronic overtones at ~610, 560 nm, etc.
(Figure 4a). In water, the spectrum became abnormally broad, with
two maxima at 545 and 740 nm, indicating formation of two types of
dimers of H- and J-type, respectively. Molecular simulation showed
that the dimer structure of H-type should be in the form of a stack,
with antiparallel dipole orientation of the adjacent molecules (Figure
5a), while in J-aggregate the molecules are located ‘head-to-tail’ where
the dipoles are parallel (Figure 5b). In the observed broad spectrum, a
nonzero absorption near 670 nm (Figure 4a) can indicate the presence
of some monomers in the solution.

Formation of BT films

Aggregate formation was monitored directly through changes in
electronic absorption spectra of growing films. It was found that self-
assembly of BT molecules occurs differently on glass and gold surfaces
from the very beginning (Figure 2). On gold, spectra of thin layers of BT
were similar to its monomer spectrum, with clear SO-S1 transition seen
at ~570 nm, indicating that BT molecules are present in the first layers
on the gold surface in the monomer form. Due to the relatively weak
molecular dipole, the intermolecular aggregation here is weak and the
influence of the metal substrate through image forces [21] dominates,
which promotes more flat conformation of the molecules (Figure 6).
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Figure 2. Electronic absorption spectra of BT films on (a) glass and (b) gold substrates as a function of the film thickness. Spectra of monomer and dimer solution in dioxane and water,
respectively, are shown in (a) for comparison

Figure 3. Simulated BT dimer structure in an aqueous medium
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Figure 4. Electronic absorption spectra of Qu-Me films on (a) glass and (b) gold substrates as a function of the film thickness. Spectra of monomer and dimer solution in dioxane and water,
respectively, are shown in (a) for comparison
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Figure 5. Simulated Qu-Me dimer structures in an aqueous medium
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Figure 6. Optical micrographs of films and simulated intermolecular arrangement in thin layers of BT on (a) glass and (b) gold substrates

On glass substrates, spectra of thin layers of BT were also in the
spectral range of the monomer absorption, although these were
more broad and structureless, indicating stronger disorder in the
first molecular layers on the glass. With increasing film thickness, BT
showed formation of aggregates both on glass and gold surfaces, whose
structure however was different from that in water. The aggregate
spectrum indicated red shift in respect to the monomer absorption
and band splitting. Simulation of the dimer structure of BT aggregate
in films showed that the molecular conformation is flat, however, the
mutual orientation of their dipoles is more than 90 degrees (Figure 7).

Formation of Qu-Me films

It was found that self-assembly of Qu-Me molecules occurs
differently on glass and gold surfaces as well (Figure 4). On glass,
spectra of thin layers of Qu-Me were in the spectral range of monomer
absorption, indicating that these layers are composed presumably as
monomers. In thicker films, however, the aggregate features at ~725 nm
can be seen, which is related to the J-type dimer observed in aqueous
solution as well (Figure 5b). It should be noted that thick films still
indicated absorption features of the monomer (Figure 4a), suggesting
that the film structure is a superposition of the monomers and J-type
dimers/aggregates.
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On gold substrates, thin layers of Qu-Me demonstrated formation
of J-type aggregates with a typical band at ~720 nm from the very
beginning, followed by formation of H-type aggregates with maximum
absorption around 550 nm in thicker films (Figure 4b). Formation of
J-type dimers on the gold surface can be explained by competition of
two factors: first, interaction with the metal substrate which tends to
flatten the molecule due to compensation of its dipole through image
forces; second, strong dipole-dipole intermolecular interaction due to
significant dipole in Qu-Me molecule itself (Table 1) which promotes
their dimer formation. As a result of the above two factors, the J-type
dimer is formed. In thicker films, where the substrate influence becomes
weaker the molecules which are far from the substrate surface tend to
aggregate as well, but this aggregate is of different, H-type, structure
due to the intermolecular dipole-dipole interaction only.

Conclusion

It has been found that aggregate structure of the compounds
studied is largely dependent not only on their molecular structure,
but also on the environment used. In solid films the aggregate
structure is different from that in the solution, and that structure is
additionally influenced by the substrate on which the film was grown.
It was revealed a significant influence of gold surface on self-assembly
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Figure 7. Simulated BT dimer structure in thick films

Table 1. Major geometric characteristics and dipole moment of the dye used. *- torsion
angle of the central chromophore

Dipole moment,

. . o
Dye height, A width, A length, A a debye
BT 8.3 4.2 15.3 8.5 1.58

Qu-Me 10.4 5.6 14.8 0 11.02

of both types of molecules. Both BT and Qu-Me tended to adopt a
more flat conformation on gold surface due to compensation of their
intramolecular dipole by image forces, however, strong dipole in Qu-
Me nevertheless promoted J-type dimer formation with slight overlap
of the molecules in the dimer even in the first molecular layer on the
metal. With increasing film thickness the molecular self-assembly of
Qu-Me was changing due to the shift of the substrate-molecule and
molecule-molecule competition in favor of the latter. At the same time,
BT with its small dipole, showed higher contribution of the molecule-
substrate interaction on gold, but did not show significant variation of
the aggregate structure with the film thickness. The obtained results are
believed to promote better understanding of formation of molecular
films in relevant applications.
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